Introduction
In mammalian cells, the four-point-one, ezrin, radixin and moesin (FERM) domain proteins have been heavily implicated in the regulation of cell-substrate adhesion and in particular the formation and turnover of focal adhesions (FAs) during cell migration (Lo, 2006) . FERM domain proteins that have been shown to directly associate with FAs include talin, FAK and kindlin. Whereas talin has been shown to be a key player in the formation of FAs, FAK regulates their turnover (Mitra et al., 2005; Nayal et al., 2004) . Although the role of kindlin is unclear, it has been shown to associate with FAs and is required for normal integrin-mediated cell spreading (Kloeker et al., 2004) . Thus, FERM domain proteins play a critical role in regulating FAs and cell-substrate adhesion, which in turn regulates cell migration.
In mammalian cells, the study of FERM domain proteins in cellsubstrate adhesion, in the context of migration, is complicated by both redundancy and signalling complexity. In humans, there are two isoforms of both talin and FAK, and three isoforms of kindlin. In addition, there are approximately 50 other FERM-domaincontaining proteins present in the sequencing database and their regulation is likely to be complex and they may also have overlapping functions (Diakowski et al., 2006) . To overcome these complexities, the model organism Dictyostelium discoideum was chosen to study the role of FERM-domain proteins during cellsubstrate adhesion and migration.
There are only six FERM domain proteins in Dictyostelium [FrmA, FrmB, FrmC (enlazin) , talinA, talinB and myosinVII (www.dictybase.org)] (supplementary material Fig. S1A ) of which, knockout studies have been carried out for FrmC, talinA, talinB and myosinVII (Niewohner et al., 1997; Octtaviani et al., 2006; Tsujioka et al., 1999; Tuxworth et al., 2001) . Loss of talinA greatly reduces cell-substrate adhesion and this cannot be compensated for by the expression of talinB, suggesting a unique role for talinA in cell-substrate adhesion (Niewohner et al., 1997) . TalinA has also been shown to localise to the leading edge of cells undergoing directed cell migration and to discrete spots at the cell-substrate boundary (Hibi et al., 2004; Kreitmeier et al., 1995) . Taken together with the requirement of talinB for migration within a multicellular environment (Tsujioka et al., 2004) , it suggests that Dictyostelium talins play a role in adhesion at the leading edge of cells undergoing cell migration. MyosinVII and FrmC have also been shown to play a role in the regulation of cell-substrate adhesion as loss of either, results in reduced cell-substrate adhesion (Octtaviani et al., 2006; Tuxworth et al., 2001) . Indeed, talinA and myosinVII have been shown to bind to each other (Tuxworth et al., 2005) . Non-FERM domain proteins such as the adaptor molecule paxillin, and the adhesion receptor SadA, also regulate adhesion, because loss of FERM domain proteins, including talins, ERMs, FAK and certain myosins, regulate connections between the plasma membrane, cytoskeleton and extracellular matrix. Here we show that FrmA, a Dictyostelium discoideum protein containing two talin-like FERM domains, plays a major role in normal cell shape, cell-substrate adhesion and actin cytoskeleton organisation. Using total internal reflection fluorescence (TIRF) microscopy we show that FrmA-null cells are more adherent to substrate than wild-type cells because of an increased number, persistence and mislocalisation of paxillinrich cell-substrate adhesions, which is associated with decreased motility. We show for the first time that talinA colocalises with paxillin at the distal ends of filopodia to form cell-substrate adhesions and indeed arrives prior to paxillin. After a period of colocalisation, talin leaves the adhesion site followed by paxillin. Whereas talinA-rich spots turnover prior to the arrival of the main body of the cell, paxillin-rich spots turn over as the main body of the cell passes over it. In FrmAnull cells talinA initially localises to cell-substrate adhesion sites at the distal ends of filopodia but paxillin is instead localised to stabilised adhesion sites at the periphery of the main cell body. This suggests a model for cell-substrate adhesion in Dictyostelium whereby the talin-like FERM domains of FrmA regulate the temporal and spatial control of talinA and paxillin at cell-substrate adhesion sites, which in turn controls adhesion and motility.
either results in reduced cell-substrate adhesion (Bukharova et al., 2005; Fey et al., 2002) .
Of the remaining FERM-domain proteins awaiting study, FrmA seemed of particular interest owing to the similarity of its FERM domains to the FERM domain of talin (supplementary material Fig.  S1B ). Below, we present evidence demonstrating that FrmA, a multi-talin-like FERM-domain protein, is required for correct cellsubstrate adhesion. More precisely, FrmA promotes the turnover of paxillin-enriched cell-substrate adhesions during both random and directed cell migration.
Results and discussion
FrmA regulates cell shape and cell-substrate adhesion Homologous recombination was used to disrupt FrmA in wild-type Ax2 (wt) cells to produce FrmA null (frmA -) cells. PCR amplification of genomic DNA from single-cell-derived clones was then used to identify frmA -clones (Fig. 1A) . PCR of genomic DNA from wt cells resulted in a 2.0 kbp product, whereas PCR of genomic DNA from disrupted clones resulted in a 2.4 kbp product (Fig. 1A) . Real-time RT-PCR was used to confirm the absence of the frmA mRNA from total RNA isolated from wt and frmA -clones at 0 and 6 hours of starvation (Fig. 1B) . Expression in wt and frmA -cells of EF1α, whose expression remains constant following starvation, and talinB, whose expression is upregulated following starvation, were similar (Fig. 1B) (http://dictybase.org/db/cgibin/gene_page.pl?feature_id=159674) (Tsujioka et al., 1999) . Interestingly, expression of FrmA was significantly upregulated after 6 hours of starvation (Fig. 1B) .
Non-starved frmA -cells were more rounded and adhered more strongly to substrate than wt cells. To analyse cell shape, images of non-starved cells were collected on three separate days (Fig.  1C) . Although frmA -cells were able to project filopodia (yellow arrows), they rarely produced broad membrane protrusions (white arrows). The average circularity index of wt cells was 0.56±0.06 whereas that of frmA -cells was 0.82±0.02 (supplementary material To determine the effect of FrmA loss on cell adhesion, adhesion assays were carried out on wt and frmA -cells (Fig. 1D) . Constant rotation at 200 r.p.m. for 1 hour led to 23.33±3.47% of wt cells detaching, while only 8.5±2.84% of frmA -cells detached under the same conditions. This was completely rescued by re-expression of FrmA HA in the mutant cells (Fig. 1D) . Furthermore, overexpression of the first FERM domain of FrmA, FERM(1), fused to GFP in wt cells, led to a loss of cell-substrate adhesion (Fig. 1E) . Whereas 29.66±6.93% of wt cells expressing GFP detached after constant rotation at 200 r.p.m. for 1 hour, 89.65±4.57% and 54.85±0.8% of wt cells expressing GFP fused to either FERM(1) or FERM(2) detached, respectively. Expression of either FERM(1) or FERM(2) in frmA -cells had no effect on adhesion of frmA -cells, suggesting that the overexpression of FERM(1) acts synergistically with FrmA in wt cells, resulting in impaired adhesion.
FrmA regulates cell-substrate adhesion sites
Cell-substrate adhesion sites have been identified in Dictyostelium as paxillin-rich spots on the cell-substrate boundary (Bukharova et al., 2005) . In mammalian cells, adhesion sites are also regulated by talins, which are thought to initiate their formation (Nayal et al., 2004) . Dictyostelium cells contain two talins (talinA and talinB) and although their functions overlap, only the loss of talinA results in a major cell-substrate adhesion defect (Niewohner et al., 1997; Tsujioka et al., 1999; Tsujioka et al., 2004) . Interestingly, like paxillin, talinA localises to discrete spots at cell-substrate boundaries, which, also initially form at the distal ends of filopodia (Hibi et al., 2004) . To visualise these spots, paxillin fused to GFP and talinA fused to GFP were stably expressed in wt and frmA -cells. Total internal reflection fluorescence (TIRF) microscopy, which allows visualisation of structures in close proximity (~150 nm) to the surface of the cell in contact with the substrate , was used to determine their localisation ( Fig filopodia and did not form under the cell-substrate contact area of the main body of the cell. Furthermore, filopodia predominantly formed in the direction of cell movement of non-starved wt cells ( Fig. 2A) (Bukharova et al., 2005; Hibi et al., 2004) . However, whereas talinA spots dissipated upon arrival of the main body of the cell (supplementary material Movie 3), paxillin spots dissipated as the main body of the cell travelled over them (supplementary material Movie 1), indicating that talinA and paxillin play distinct roles in the dynamic regulation of cell-substrate adhesions.
In frmA -cells, paxillin spots were not seen to form at the distal ends of filopodia but instead formed uniformly around the circumference of the cell-substrate contact area of the main body of the cell and appeared to stabilise that area (supplementary material Movie 2). The number of adhesions containing paxillin spots (Fig. 2B ) and their duration (Fig. 2C) , were increased in frmA -cells compared with wt cells. Whereas wt cells contained up to six paxillin-rich spots on average, frmA -cells contained more than 25. Analysis of the persistence of paxillin spots showed that in wt cells, the spots lasted for 1 to 2 minutes, whereas in frmA -cells, the spots lasted for more than 5 minutes, with many lasting for more than 10 minutes. The rate of appearance of paxillin spots in frmA -cells, although confined to the cell-substrate contact area of the main body of the cell (2.23±0.41/minute/cell), was similar to the rate of appearance in wt cells (2.88±0.59/minute/cell), suggesting that this is unaffected and thus does not involve FrmA.
In frmA -cells, although talinA spots formed at distal ends of filopodia, they formed randomly around the circumference of the cell, instead of being orientated in the direction of cell movement, as in wt cells (supplementary material Movie 4). Although the average number of talinA spots per cell was fewer than that in wt cells (wt 5.29±0.89 spots/cell; frmA -cells 2.23±0.65 spots/cell), their persistence was similar (Fig. 2B, supplementary material Fig.  S2B ). TalinA spots tended to last around 60 seconds in both wt and frmA -cells. To determine the spatiotemporal relationship between talinA and paxillin in Dictyostelium cells, talinA fused to RFP (talinA, red) and paxillin fused to GFP (paxillin, green) were coexpressed in wt cells and imaged using TIRF microscopy ( Fig. 2D , supplementary material Movie 5). TalinA arrived first at a cell-substrate adhesion site and was then followed by paxillin, some 6.57±2.98 seconds (8 cells and 14 spots) later. These adhesion sites formed at the distal ends of filopodia, predominantly in the direction of cell movement. There was then a period of colocalisation, after which talinA left first and was then followed by paxillin. Plotting the fluorescence intensity over time, of the individual RFP and GFP signals over a particular region where spots appears, confirmed this (Fig. 2E) . The sequential appearance of talinA and paxillin at a cell-substrate adhesion site, is shown in the series of images in Fig. 2F (white arrows indicate the spot in question).
F-actin regulation is impaired by the loss of FrmA, and F-actin and FrmA colocalise Another key player in the regulation of adhesion is F-actin and therefore F-actin localisation was examined in the wt and frmA -cells. Staining with TRITC-phalloidin (Fig. 3A) showed that Factin was mainly localised in broad membrane protrusions as well as in the filopodia of wt cells. By contrast, frmA -cells rarely had broad membrane protrusions and the F-actin was instead seen in discreet 'patches' throughout the cell cortex. Cross-sectional analysis of the mutant cells showed that some of these actin-rich patches were at the basal surface of the cells where they were in contact with the substrate (Fig. 3A, right image) . In Dictyostelium, F-actin-rich patches have been reported at cell-substrate boundaries and probably represent the polymerisation of localised actin driven by the Arp2/3 complex . LimE is a LIMdomain-containing protein that associates with F-actin. A GFP fusion construct with a fragment of Dictyostelium LimE (LimE Δcoil :GFP) has been shown to mark out the network of Factin within the cell, as well as short-lived patches at the cellsubstrate boundary . Use of TIRF microscopy showed that in wt cells LimE Δcoil :GFP was localised in discrete patches at the cell-surface boundary and also to broad -cells expressing paxillin or talinA fused to GFP were captured 100 seconds apart over 600 seconds and the average number of paxillin-and talinA-rich spots determined. 10 or more cells were analysed for each strain in total over three separate occasions and the average ± s.e.m. is shown. (C) Using TIRF microscopy, the duration of paxillin-rich spots was followed by measuring the fluorescence intensity (Image J software) of an area where a spot would form. The fluorescence intensity values were plotted against time for spots in frmA -cells (various coloured lines) and a typical wild-type cell (black line). More than 10 cells from each strain were analysed in total over three separate occasions. (D) TIRF images of a wild-type cell expressing paxillin fused to GFP (green) and talinA fused to RFP (red), with the merged image on the right. (E) Graphical representation of the appearance and disappearance of a paxillin (green) and talinA (red) spot over time, observed using TIRF and quantified using Image J software. (F) Sequential and merged TIRF images of the appearance of talinA (red) followed by paxillin (green) at an adhesion site. White arrow highlights the spot in question.
membrane protrusions (Fig. 3B , supplementary material Movie 6). In frmA -cells, LimE
Δcoil
:GFP was also localised in discrete patches at the cell-surface boundary, but unlike wt cells, it also localised uniformly around the circumference of the cell-substrate contact area (Fig. 3B, supplementary Fig. S2C,D) .
Loss of FrmA had different effects on the persistence of paxillin spots, talinA spots and F-actin patches. Whereas the persistence of paxillin spots was markedly prolonged, the duration of talinA spots and F-actin rich patches were not seriously affected. However, the localisation of all three was affected by the loss of FrmA. To further analyse these data, localisation of FrmA was determined by fixing and staining frmA -/FrmA HA cells with anti-HA antibody conjugated with FITC and phalloidin conjugated to TRITC. Using confocal microscopy, FrmA HA was predominantly diffusely localised throughout cells, although at the cell-substrate boundary it was enriched within patches (Fig. 3C, white arrows) . Occasionally, FrmA HA was also seen at the distal ends of filopodia (Fig. 3C, yellow arrows) . Thus, like the talinA and paxillin spots and F-actin patches, which transiently form at the cell-substrate boundary, FrmA also localised to similar structures. Taken together these data suggest that talinA, paxillin, F-actin and FrmA localise at the same adhesion structures at one point or another in their lifetime. However, whereas both talinA and paxillin promote formation of adhesion sites, FrmA promotes their turnover.
Cell migration is impaired in frmA -cells
Data presented above show that FrmA is required for the correct regulation of cell-substrate adhesion, the actin cytoskeleton and cell shape -all of which are critical for cell migration. To determine the role of FrmA in cell migration, wt and frmA -cells were starved and their ability to undergo directed cell migration determined. Starvation of Dictyostelium cells induces a survival response that induces cells to aggregate and requires directed cell migration along a cAMP gradient. This results in the formation of larger structures such as mounds and streams and the time required to form them gives a rough indication of the ability of a cell to undergo directed cell migration. The formation of mounds and streams was significantly delayed in frmA -cells compared with that in wt cells (Fig. 4A) . Whereas wt cells formed mounds and streams within 10 hours of starvation, frmA -cells eventually did form mounds and streams after 18 hours of starvation, but they were visibly smaller than those formed by wt cells at 10 hours. Reexpression of full-length FrmA HA in the mutant cells restored the ability of the cells to form streams and mounds by 10 hours (Fig.  4A) .
To further characterise the defect in cell migration, the speed of randomly moving non-starved cells and 6-hour-starved cells undergoing directed cell migration towards cAMP, were determined. The speed of randomly moving frmA -cells was ~30% that of wt cells (2.4 μm/minute), whereas movement of frmA -cells towards cAMP was ~50% of that in wt cells (10.7 μm/minute) (Fig.  4B) . Although frmA -cells were able to move towards the source of cAMP, they did so without adopting the highly elongated and polarised shape that wt cells did. Finally, to exclude the possibility that frmA -cells were unable to move efficiently towards cAMP because of an inability to express starvation-induced genes required for cAMP signalling, RT-PCR was carried for cAMP receptor 1 (cAR1) and G alpha 2 (gα2) (Fig. 4C ). cAR1and gα2 are both known to be induced by starvation and are required for directed cell migration towards cAMP in Dictyostelium (Kumagai et al., 1989; Saxe et al., 1991) . Both these genes, as well as talinB Journal of Cell Science 121 (8) ( Fig. 1B) , another starvation-induced gene (Tsujioka et al., 1999) , are expressed to the same extent by both wt and frmA -cells at 0 and 6 hours of starvation. Starvation also induced a greater expression of FrmA in wt cells (Fig. 1B and Fig. 4C ), suggesting that FrmA may be required for efficient directional cell migration.
As cell-substrate adhesion was increased in frmA -cells, we predicted that the contact area between frmA -cells and the substrate would also be increased. This measurement was achieved by the parallel use of TIRF, to visualise the contact area of the cell to the substrate, and transmitted light to visualise the surface area of the entire cell. In non-starved cells (Fig. 4D) expressing GFP, the ratio of these areas showed that for frmA -cells, the TIRF/transmitted light ratio was 1.0±0.18 (mean ± s.d., n=20 cells) whereas that of wt cells was 0.6± 0.17 (n=18 cells). Images showed that the area occupied by the transmitted light image of wt and frmA -cells was similar. Thus, an increase in adhesion correlated with an increase in the contact area between cells and the substrate of randomly moving cells. As seen with non-starved cells, the 'footprint' of GFP-expressing frmA -cells undergoing directed cell migration was also greater than that of GFP-expressing wt cells (Fig. 4E and supplementary material Movie 8) . The ratio of the areas of starved cells imaged using TIRF and transmitted light supports this, with wt cells having a ratio of 0.43± 0.19 (n=20 cells) whereas frmA -cells had a ratio of 0.80±0.19 (n=18 cells). This increase in the cell-substrate contact area of frmA -cells undergoing directed cell migration implies that frmA -cell migration is impaired owing to increased cellsubstrate adhesion as a result of stabilised cell-substrate adhesions.
These data show that FrmA is critically required for the regulation of cell-substrate adhesions during cell migration. More specifically FrmA promotes the turnover of adhesions and not their formation. The data presented above indicate that in Dictyostelium cells, adhesion sites are initiated at the distal ends of filopodia at the cell-substrate boundary and can be recognised by the presence of talinA. Paxillin is then recruited to the same sites, after which they are rapidly turned over. Loss of either paxillin or talinA leads to cells forming fewer cell-substrate adhesions and becoming less adherent to substrate (Bukharova et al., 2005; Niewohner et al., 1997) . Furthermore, loss of myosinVII, which has been shown to bind talinA, also results in cells forming fewer cell-substrate contacts (Tuxworth et al., 2005; Tuxworth et al., 2001 ). All of these proteins are required for cell-substrate contacts and/or adhesions and loss of any one impairs the ability of cells to adhere to substrate and/or form cell-substrate contacts. FrmA is the first protein that has been shown to be anti-adhesive and can also localise to the cellsubstrate boundary and tips of filopodia. These data are consistent with a model for cell-substrate adhesion whereby talinA, and possibly also myosinVII, initiate the formation of cell-substrate adhesions, after which paxillin is recruited to the same sites. Loss of FrmA prevents formation of these transient adhesions at the tips of filopodia and stabilises paxillin adhesion sites around the periphery of the cell body, resulting in increased adhesion and impaired motility. This is the first direct visualisation of the temporal and spatial sequence of events associated with cell-substrate adhesion in Dictyostelium and identifies FrmA as a key regulator of adhesion dynamics.
Materials and Methods

Strains and developmental conditions
All strains used in this study were derived from Ax2 cells and maintained in HL-5 medium at pH 6.8 (ForMedium Ltd., HLG0102). Wild-type cells null for FrmA (frmA -) were generated as described below and clones selected for and maintained in 10 μg/ml of blasticidin. Three single-cell-derived frmA -clones were analysed and showed identical phenotypes and the results are presented from one clone. The following proteins were expressed in the Ax2 (wt) and frmA -cells: GFP, talinA:GFP, paxillin:GFP, (a kind gift from C. J. Weijer, WTB, University of Dundee, Scotland), LimE Δcoil :GFP (a kind gift from G. Gerisch, Max-Planck-Institut für Biochemie, Martinsried, Germany). HA epitope-tagged FrmA was also expressed in frmA -cells. All strains were maintained in 15 μg/ml G418.
Generation of gene disruption mutant
Full-length FrmA was amplified and subcloned into the cloning vector pTOPO2.1 (Invitrogen) to create pTOPO2.1-FrmA. pTOPO2.1-FrmA was digested with SspI to remove a ~800 bp fragment and generate pTOPO2.1-FrmA ΔSspI , into which a blasticidin-resistance cassette was inserted (pTOPO2.1-FrmA ΔSspI -Blast r ). Using pTOPO2.1-FrmA ΔSspI -Blast r as a template, PCR amplification with a mutated forward primer (5Ј-GAGGCCTGTTTCATGAGTATTTAGGAGAGGAAGGAATA-3Ј, with the point mutations in italics and an added StuI restriction site underlined) and a reverse primer (5Ј-GCGGCCGCTTAGCTTCCAACCAATTTAG-3Ј, with new NotI site underlined), was carried out to generate the FrmA-knockout construct. The PCR-amplified FrmA knockout construct was transformed into Ax2 cells and 10 μg/ml of blasticidin was used to select for FrmA-disrupted clones. Clones derived from single cells were isolated and the nature of the disruption confirmed by PCR of genomic DNA using 5′-GTAGTACATCCATTAC-3′ and 5′-CAGGTTTATGGAT-3′ as primers.
Determination of gene expression levels
Total RNA was isolated (Qiagen, RNeasy Mini kit) from non-starved and cells starved for 6 hours. Real-time RT-PCR (Qiagen, QuantiTect Sybr Green RT-PCR kit) was used to determine the expression levels of FrmA, talinB and eF1α and the primers used were 5Ј-ATTGGTGCAGCTGATGATTG-3Ј and 5Ј-GACCCCACA -ATTCCAAACTG-3Ј; 5Ј-ACCAGGTGAAGGTGAAGGTG-3Ј and 5Ј-TTTTAG -CGGCCTGAGTGAGT-3Ј; and 5Ј-ATGGGTAAAGAGAAAACTC-3Ј and 5Ј-GGTTGATTTTTCATCC-3Ј, respectively. RT-PCR amplification was used to determine the presence of starvation-induced proteins cAR1 and gα2 with the primers 5Ј-ATGGGTCTTTTAGATG-3Ј and 5Ј-CATTAATGTGGCGT-3Ј; and 5Ј-GCATCATCAATG-3Ј and 5Ј-CTGCTGTAACATC-3Ј, respectively.
Measurement of cell-substrate adhesion
1-3 ϫ 10 5 cells growing in HL-5 medium were added to a well of a 12-well plate and allowed to settle for at least 5 hours. The plates were then shaken at 80, 120, 160 or 200 r.p.m. for 1 hour and the number of adhered and non-adhered cells determined using a cell haemocytometer.
Immunofluorescence
Cells were washed twice in phosphate buffer (10 mM KH 2 PO 4 and K 2 HPO 4 , pH 6.8) and fixed (1% paraformaldehyde, 15% H 2 O-saturated picric acid (v/v), 10 mM PIPES, pH 6.0 for 15 minutes at RT). Cells were then postfixed with 70% ethanol (20 minutes at RT), blocked in 10% FCS (1 hour) and incubated with 0.5 μg/ml TRITC-phalloidin (1 hour) at RT. For FrmA HA staining, 5 μg/ml of anti-HA antibody conjugated to FITC (QED Bioscience Inc., 18848F) was added with the TRITCphalloidin. Images were captured on an Olympus FV1000 confocal microscope using a 60ϫ objective.
Development assays
Non-starved cells were washed twice in phosphate buffer and plated on 1% phosphate agar. Phase images were captured at 0 and 10 hours after plating using a standard Olympus CKX41 inverted microscope with a 5ϫ objective.
Directed cell migration
Non-starved cells were washed twice in phosphate buffer and starved by shaking at 115 r.p.m. for 6 hours in phosphate buffer. Cells were then shaken in 5 mM caffeine for 20 minutes before adhesion to glass bottom dishes. The response of cells to a micropipette containing 2 μM cAMP was recorded using either TIRF microscopy or a standard Olympus CKX41 inverted microscope with a 60ϫ and 40ϫ objective, respectively. Cells were tracked using Image J software and the speed determined by dividing the total distance travelled over time.
TIRF microscopy
TIRF was performed on a Nikon Eclipse TE 2000-U microscope equipped with 60ϫ and 100ϫ 1.45 NA Nikon TIRF oil-immersion objectives. The Nikon Epifluorescence condenser was replaced with a custom condenser in which laser light was introduced into the illumination pathway directly from the output of a 3.5 μm optical fibre oriented parallel to the optical axis of the microscope. GFP and RFP excitation were performed at 473 nm and 561 nm respectively using individually coupled diode lasers (Omicron) controlled by a DAC 2000 card running MetaMorph (Molecular Devices). All live-cell imaging was performed with a Cascade 512F EMCCD camera (Photometrics UK). For GFP imaging a filter block consisting of a Z 473/10 excitation filter, a 488 RDC dichroic mirror and a ET 525/50M emission filter was used. For dual-colour imaging a dual band-pass filter block (Chroma 59022) was used, combined with an Optical Insights DualView containing 595 nm dichroic, and 525/50 and 630/60 emission filters.
